In this study we defined the pharmacodynamic parameter that optimizes outcome in deep-seated Candida albicans infections treated with fluconazole. Using a murine model of systemic candidiasis, we conducted single-dose dose-ranging studies with fluconazole to determine the dosage of this drug that resulted in a 50% reduction in fungal densities (50% effective dose [ED 50 ]) in kidneys versus the fungal densities in the kidneys of untreated controls. We found that the ED 50 of fluconazole given intraperitoneally was 4.56 mg/kg of body weight/day (95% confidence interval, 3.60 to 5.53 mg/kg/day), and the dose-response relationship was best described by an inhibitory sigmoid maximal effect (E max ) curve. To define the pharmacodynamics of fluconazole, we gave dosages lower than, approximating, and higher than the ED 50 of fluconazole (range, 3.5 to 5.5 mg/kg/day, equivalent to the ED 16 to the ED 75 ) to various groups of infected animals using three dosefractionation schedules. For each total dose of fluconazole examined, the dose-fractionation schedules optimized the ratio of the area under the concentration-time curve (AUC) to the MIC (the AUC/MIC ratio), the ratio of the maximum concentration of drug in serum (C max ) to the MIC, and the time that the drug remained above the MIC for the infecting C. albicans isolate. Similar reductions in fungal densities in kidneys were seen between groups that received the same total dose of fluconazole in one, two, or four equally divided doses. Thus, dose-fractionation studies demonstrated that the pharmacodynamic parameter of fluconazole that best predicted outcome was the AUC/MIC ratio.
Deep-seated infections due to the fungus Candida albicans are an important cause of nosocomial infection (2, 3, 20, 23) . Despite treatment with amphotericin B or fluconazole, the morbidity and mortality associated with Candida infections remain substantial (23, 25) .
It has been shown that the use of dosing schedules for antibacterial agents that maximize specific pharmacodynamic parameters can improve the outcomes for infected patients (6, 7, 10, 17, 19, 22) . For the aminoglycosides and quinolones, for example, improved outcome is associated with higher ratios of the maximum concentration of drug in serum (C max ) to the MIC (C max /MIC ratios) or ratios of the area under the concentration-time curve (AUC) to the MIC (AUC/MIC ratios) (10, 17, 19) . In contrast, the maximum antimicrobial effect of beta-lactams is seen when one optimizes the duration of time that the concentrations of these drugs in serum remain above the MIC (time Ͼ MIC) for the infecting bacterium (6, 7, 22) . For antifungal drugs, the pharmacodynamic variable most closely linked to outcome in the treatment of Candida infections is unknown for any class of therapeutic agent. However, it is possible that outcome associated with specific antifungal drugs, such as fluconazole, can be improved by delivering the antifungal agents at doses and on dosing schedules that maximize specific pharmacodynamic parameters, e.g., time Ͼ MIC for the infecting pathogen, the AUC/MIC ratio, or the C max / MIC ratio.
In the current study we conducted single-dose dose-ranging studies with fluconazole to define the relationship between the fluconazole dose and the reduction in C. albicans densities in the kidneys of infected mice. We also conducted dose-fractionation studies, in which selected total doses of fluconazole that were found on the steep portion of the dose-response curve were administered to infected mice in one, two, or four divided doses (to optimize the C max /MIC ratio, the AUC/MIC ratio, and time Ͼ MIC) to determine which pharmacodynamic variable was most closely linked with outcome in this model system.
MATERIALS AND METHODS
C. albicans isolate. C. albicans ATCC 36082 (American Type Culture Collection, Rockville, Md.) was used throughout the study. The organism was maintained on Sabouraud dextrose agar (BBL Microbiology Systems, Cockeysville, Md.) at 4°C until use. For each study, two to three colonies of the fungus were subcultured onto fresh potato dextrose agar (BBL), and the plates were incubated at 35°C for 48 h. A fungal suspension was prepared by transferring three to four colonies of C. albicans to 10 ml of sterile, pyrogen-free normal saline (Baxter Inc., Chicago, Ill.) and was quantified by hemocytometry. The suspension was diluted with normal saline to a final concentration of 1.5 ϫ 10 6 organisms per ml. Morphologic examination revealed that Ͼ95% of the organisms were blastoconidia. The viability of the yeast was Ͼ90% by trypan blue exclusion analysis.
The MIC of fluconazole was determined on eight separate occasions by the broth macrodilution method described by the National Committee for Clinical Laboratory Standards (18) . The median MIC after 48 h of incubation was 0.5 g/ml (range, 0.25 to 0.5 g/ml).
Antifungal agent. Fluconazole powder was supplied by Pfizer Inc. (New York, N.Y.). The drug was dissolved in sterile, pyrogen-free saline to a stock concentration of 4 mg/ml, and the solution was stored at Ϫ70°C. For each study, the drug was thawed and further diluted to the desired concentration(s) with sterile normal saline. The drug was used immediately.
Mice. Female NYLAR mice (weight, 18 to 20 g) were raised at the Animal Research Facility of the Wadsworth Center for Laboratories and Research (Griffin Laboratories, Guilderland, N.Y.). These outbred Swiss mice were housed in plastic boxes at three to four animals per container. They received food and water ad libitum. All animal experimentation procedures were approved by and conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of the New York State Department of Health, Albany.
Pharmacokinetics of fluconazole in infected mice. Dose-ranging studies were conducted to determine the pharmacokinetics of fluconazole when it was administered intraperitoneally (i.p.) as a single dose. NYLAR mice were intravenously inoculated with 3 ϫ 10 5 C. albicans blastoconidia via a lateral tail vein. The organism was administered in 0.2 ml of sterile saline. Five hours later, mice were injected i.p. with one of various doses of fluconazole in 0.2 ml of saline. The doses of fluconazole examined were 0, 0.875, 1, 1.125, 1.25, 1.375, 1.75, 2, 2.25, 2.5, 2.75, 3.5, 4, 4.5, 5, 5.5, and 20 mg/kg. Three animals from each group were sacrificed by CO 2 asphyxiation at 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, and 8 h after drug administration. Blood was collected by cardiac puncture and was allowed to clot on ice. The serum was separated from the clot by centrifugation and was stored at Ϫ70°C.
The concentration of fluconazole in each serum sample was determined by a well diffusion microbiological assay developed by Jorgensen et al. (13) with the modifications described by Madu et al. (16) . Candida pseudotropicalis ATCC 46764 was used as the assay organism. Pour plates containing the fungus were prepared with Synthetic Amino Acid Medium Fungal molten agar and were allowed to solidify at room temperature. Four-millimeter-diameter wells were made in the agar. Twenty-microliter aliquots of serum collected from mice or standards were pipetted into the wells, and the plates were kept at 4°C for 1 h and were then incubated overnight for 16 h at 30°C in an ambient-air incubator. The diameters of inhibition for each serum sample and standards were measured to the nearest 0.1 mm with a vernier caliper. Antifungal drug concentrations in serum samples were calculated by using the data from the curves derived from the fluconazole standards. The standard curve was linear for concentrations of fluconazole of between 1 and 100 g/ml of serum. The intraday and interday coefficients of variation of the microbiological assay were 4.9 and 6.8%, respectively.
Pilot study to determine the ED 50 of single-dose fluconazole for systemic candidiasis. In one dose-ranging study, eight mice per group were given 0, 0.5, 1, 2.5, 5, 7.5, and 10 mg of fluconazole per kg of body weight i.p. 5 h after the animals were infected intravenously (i.v.) with 3 ϫ 10 5 C. albicans blastoconidia. The drug and fungus were each delivered in 0.2 ml of saline. The drug or saline was given as a single injection. Twenty-four hours later, animals from each group were humanely killed by CO 2 asphyxiation and the right kidneys were collected. Each kidney was weighed, homogenized, and serially diluted with saline. Two hundred microliters of each dilution was plated onto potato dextrose agar that was supplemented with 100 IU of penicillin and 100 g of streptomycin per ml of agar. After 48 h of incubation at 35°C, the colonies were counted and the results between groups were compared. The cultures reproducibly detected Ն50 organisms/g of tissue.
The 50% effective dose (ED 50 ) was calculated by using an inhibitory sigmoid maximal reduction (E max ) dose-response model. Selected total doses of fluconazole that were lower than, equivalent to, and higher than the ED 50 and that were likely to lie on the steep portion of the dose-response curve were used in the dose-scheduling study described below.
Expanded fluconazole dose-ranging validation study. An expanded singledose dose-ranging validation study was conducted (i) to more completely characterize the relationship between the fluconazole dose and the reduction in fungal density in kidneys and (ii) to verify the ED 50 that was calculated with the data derived from the pilot study. Smaller increments in fluconazole doses were used. Otherwise, the study methods were identical to those described for the pilot dose-ranging study. The doses of fluconazole used were 0, 2, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, and 8 mg/kg given i.p. as a single dose. Eight C. albicans-infected mice were in each group.
Effect of scheduling of fluconazole dose on fungal densities in kidneys. Simultaneously with the expanded dose-ranging validation study described above, we conducted a dose-fractionation study to determine if the pharmacodynamic parameter that best predicts the maximal benefit of fluconazole was defined by the AUC/MIC ratio, the C max /MIC ratio, or time Ͼ MIC. The dose-fractionation study was conducted simultaneously with the expanded dose-ranging validation study to eliminate the impact of interday variability with (i) fungal inoculum preparation and viability, (ii) fluconazole concentrations in the solutions used for therapy, and (iii) the drift in the ED 50 that may occur because of the effects of (i) and (ii) on the study results. The doses selected for the dose-fractionation study were those that, on the basis of the results of the pilot dose-ranging study, were predicted to fall on the steep portion of the sigmoid E max dose-response curve. It was important to select dosages of fluconazole which lay on the steep portion of the dose-response curve because it is only with these dosages that one can readily detect an improvement or worsening of outcome associated with different schedules of drug administration. Differences in efficacy may be difficult to observe if doses associated with minimal or maximal drug effects are used.
The total dosages of fluconazole examined were 3.5, 4.0, 4.5, 5.0, and 5.5 mg/kg per 24 h. Each total dose of fluconazole selected was given i.p. to groups of infected mice as either a single injection, two equally divided doses given 12 h apart, or four equally divided doses given 6 h apart. An additional group of infected mice received saline and served as controls. There were eight mice per group.
The first dose of fluconazole was administered to each group of animals 5 h after the mice were inoculated i.v. with 3 ϫ 10 5 C. albicans blastoconidia. Each i.p. and i.v. injection was administered in 0.2 ml of saline. Twenty-four hours after the first dose of fluconazole or saline was given, the animals were humanely killed by CO 2 asphyxiation. The right kidney was collected from each mouse, and quantitative cultures were conducted as described above for the pilot doseranging study. The results for the groups that received the same total dose of fluconazole were compared with each other and with those for the control group.
Power analysis, conducted with data generated from the preliminary data, determined that six animals/group were needed to have a 90% probability of identifying a 0.3-log 10 difference between treatment groups (data not shown).
In preliminary studies, colony counts of C. albicans in kidneys obtained from infected animals were similar to those in the kidneys of identically infected animals who also received 120 mg of fluconazole per kg i.p. 1 to 2 h before they were killed (data not shown). Therefore, antifungal drug carryover did not affect the culture results.
Pharmacokinetic analysis. Pharmacokinetic analysis of the fluconazole concentration in serum-time relationships were performed with a nonlinear leastsquare regression program, RSTRIP II (Micromath Scientific Software, Salt Lake City, Utah). The most appropriate pharmacokinetic models were determined by using model selection criteria based on a modified form of Akaike's information criterion (1) . The C max was defined as the highest concentration of fluconazole measured in serum after the drug was administered. To determine the AUC, the trapezoidal method was used for data obtained from time zero to the last time point, and the data were then extrapolated to infinity.
Statistical analysis. The relationship between the dose of fluconazole administered and the fungal density in kidneys of infected mice was evaluated by an inhibitory sigmoid E max dose-response model by using the identification module of the ADAPT II package of programs of D. D'Argenio and A. Schumitzky (Biomedical Simulations Resource, University of Southern California, Los Angeles). Weighting was performed by obtaining the inverse of the observation variance. The significance of differences between fungal densities in the kidneys of groups that received the same total dose of fluconazole in one, two, or four divided doses was evaluated by analysis of variance. A difference was considered statistically significant if the P value was Ͻ0.05. Power analysis to determine the number of kidney samples needed to have a 90% probability of identifying a 0.3-log 10 difference between groups that received the various fluconazole doses by different dosing schedules was determined with the software program True Epistat version 5.3 (Epistat Services, Richardson, Tex.).
RESULTS
Single-dose pharmacokinetics of fluconazole in infected mice. The pharmacokinetics of fluconazole in mice who received a single i.p. injection of drug 5 h after they were inoculated i.v. with C. albicans were determined. The C max was observed 1 h after the drug was administered. Both the C max and AUC increased in proportion to the dose of fluconazole administered (Fig. 1A and B, respectively) . The pharmacokinetics were best described by a two-compartment model with a terminal half-life of 2.4 h. The terminal half-life did not change with the dose of fluconazole administered.
Identifying the ED 50 of single-dose fluconazole in mice with systemic candidiasis: results of the pilot study. The fungal densities in the kidneys of mice that received a single injection of incremental doses of fluconazole are presented in Fig. 2 . These animals received treatment 5 h after fungal inoculation. As demonstrated in Fig. 2 , a dose-response relationship existed, and this relationship was well described by an inhibitory sigmoid E max curve, as follows: the number of CFU per gram ϭ 221,300 Ϫ [155,200 ϫ dose 22 .65 /(dose 22.65 ϩ 4.87 22.65 )] (r 2 ϭ 0.98; P ϽϽ 0.001). The lower doses of fluconazole showed no effect relative to that of the controls. For the middle doses, a steep dose-response relationship between the amount of drug administered and the reduction in the fungal counts in the kidneys was found. No further reduction in fungal densities were obtained with doses of Ն7.5 mg/kg.
The ED 50 of fluconazole was 4.87 mg/kg. Because only one point fell on the steep portion of the sigmoid E max curve, the confidence interval (CI) was large (95% CI, Ϫ287.7 to 297.5 mg/kg). The slope factor (sigmoidicity) of the dose-response curve was 22.65. The steep portion of the dose-response curve extended only from 4.25 to 5.5 mg/kg.
Confirmation of the ED 50 of single-dose fluconazole in the expanded dose-ranging validation study. An expanded doseranging study was conducted (i) to more completely characterize the relationship between the fluconazole dose and the reduction in the fungal density in the kidneys and (ii) to validate the ED 50 identified in the pilot dose-ranging study. Smaller increments in fluconazole doses were examined. The doses chosen were those that the results of the pilot study suggested were likely to lie on the steep portion and adjacent plateau sections of the sigmoid E max dose-response curve.
The results of the dose-ranging validation study were similar to those of the pilot study (Fig. 3 ). An inhibitory sigmoid E max curve best described the dose-response relationship between the dose of fluconazole administered and the reduction in the fungal load in the kidneys. The inhibitory sigmoid E max equation was as follows: the number of CFU per gram ϭ 720,700 Ϫ [623,800 ϫ dose 6 .93 /(dose 6.93 ϩ 4.56 6.93 )] (r 2 ϭ 0.986; P ϽϽ 0.001).
The ED 50 in the expanded validation study was 4.56 mg/kg/ day, which was similar to the ED 50 of 4.87 mg/kg/day that was identified in the pilot dose-ranging study. Because nine of the dosages used in the expanded validation study lay on the steep portion of the dose-response curve, the 95% CI for the ED 50 in the expanded validation study was small (3.60 to 5.53 mg/ kg/day).
Pharmacodynamic variables for three fluconazole regimens. The relationship between pharmacokinetic parameters and drug activity for fluconazole doses of 3.5, 4.0, 4.5, 5.0, and 5.5 mg/kg is presented in Table 1 . When examining the C max /MIC ratio, it is clear that once-daily administration of a total dose of fluconazole produced the maximal value. For time Ͼ MIC, the most fractionated schedule (e.g., the regimen of administration once every 6 h) produced the longest time Ͼ MIC, while once-daily dosing produced the shortest time Ͼ MIC. Because fluconazole has linear pharmacokinetics (12, 15 ; this study), one would not expect that the AUC for a full 24-h period would be altered by the schedule of administration. We have demonstrated this, because the three schedules of administration produced essentially the same 24-h cumulative AUC (and, hence, the same AUC/MIC ratio) for each of the total doses of fluconazole examined. The half-life of fluconazole was 2.4 h in the sera of infected mice for all of the doses of drug examined. Dose-fractionation trials. To determine which pharmacodynamic parameter best predicted outcome, groups of mice were given 3. densities in the kidneys of each group were compared. A control group of infected mice received saline instead of drug.
Post hoc analysis of the results of the expanded dose-ranging validation study demonstrated that all doses of fluconazole chosen for the dose-fractionation study lay on the steep portion of the inhibitory sigmoid E max dose-response curve. The total doses of 3.5, 4.0, 4.5, 5.0, and 5.5 mg of fluconazole per kg corresponded to the ED 16 , ED 37 , ED 49 , ED 60 , and ED 75 , respectively. As demonstrated in Table 2 , the fungal densities were similar for groups that received the same total dose of fluconazole in one, two, or four equally divided doses over 24 h. These results demonstrate that, for fluconazole, the AUC/MIC ratio is the pharmacodynamically linked variable.
DISCUSSION
With advances in the treatment of oncologic malignancies with high-dose antineoplastic chemotherapy and in bone marrow transplantation and with improvements in the ability of health care providers to support critically ill patients in intensive care units, the incidence of deep-seated fungal infections is rising (3). Recently, it was reported that 10% of all nosocomial bloodstream infections were due to fungi, particularly C. albicans (3) . In a matched, case-control study, Wey et al. (25) reported that the attributable mortality due to systemic fungal disease is 38%, despite antifungal drug therapy.
Amphotericin B has traditionally been considered the cornerstone of therapy for deep-seated fungal infections and fungemia. However, two recent blinded, multicenter, randomized controlled trials suggest that fluconazole is as efficacious as amphotericin B in the treatment of C. albicans fungemia in neutropenic and nonneutropenic hosts (2, 20) . However, in those studies, treatment failure was seen in as many as 30% of the patients (2). Thus, further improvement in outcome in association with antifungal therapy is needed.
Part of the optimization of patient outcome is related to administration of the drug on an optimal schedule. This allows the maximal therapeutic benefit to be obtained at the lowest dose, allowing attainment of the goal of maximal therapeutic efficacy with minimal attendant toxicity.
In the areas of antibacterial and antiviral chemotherapy, both in vitro and in vivo studies have demonstrated the ability of the dosing schedule to influence the effect produced by the drug (4, 5, 8, 9, 11, 14, 21, 24) . While generally consistent within drug classes, different classes of agents often have different pharmacodynamically linked variables. While the data are convincing that for beta-lactam agents time Ͼ MIC is most closely linked to the drug's effect (9, 21, 24) , for classes of drugs whose killing rates are concentration dependent, such as fluoroquinolones or aminoglycosides, either the C max /MIC ratio or the AUC/MIC ratio has been linked to the effect (8, 11, 14, 24) . The findings obtained with animal models and in vitro findings have been validated in clinical trials (6, 7, 10, 17, 19, 22) . This has practical implications because for beta-lactams any daily dose of drug should be given at smaller doses over shorter dosing intervals to produce the optimal effects. In contrast, when the C max /MIC or the AUC/MIC ratio is linked to the outcome, the daily dose should be administered on a oncedaily basis, if toxicity issues permit, either for improved efficacy (C max /MIC ratio linked) or for improved convenience and compliance (AUC/MIC ratio linked).
While antifungal agents have been available for many years, there is virtually no information regarding the pharmacodynamics of any of these drugs. Because azoles in general and fluconazole in particular have gained wide popularity for the therapy of a variety of fungal infections, we thought that it was important to determine which pharmacodynamic variable (C max /MIC ratio, AUC/MIC ratio, or time Ͼ MIC) was most closely linked to fluconazole's ability to decrease colony counts in this mouse model. This particular model was chosen because it is simple, inexpensive, quantitative, and reproducible.
It is noteworthy that we used fungal densities in the kidneys and not survival as our study endpoint. Pharmacodynamic studies evaluate the effects of drugs on pathogens, with consideration of the pharmacokinetics of the compound. This evaluation can readily be achieved by comparing the effects of different short-course therapies on the reduction in the number of CFU in tissues. Survival in fungal studies is usually assessed at Ն28 days after the initiation of therapy. However, antifungal drug therapy lasts for between 3 and 14 days. Much of the observation time in survival studies occurs when the animals are not receiving therapy. Survival in antifungal drug trials is determined in part by drug therapy. Other factors, however, are also important, such as the host cytokine response; the host neutrophil, macrophage, and antibody responses; and the potential development of resistance to the anti-infective agent by the pathogen. Consequently, survival is a result of many factors and, therefore, may not be the best endpoint for use in defining which pharmacodynamic variable is most closely associated with optimal drug efficacy in an experimental animal infection model. The dose-ranging study, in which all doses were given on a once-daily schedule, gave clear-cut results. Over a dose range of from 0 to 10 mg/kg, fluconazole produced a maximal response of approximately 87% in terms of reducing the colony counts from those in the untreated control (E max ϭ 623,800 colonies/g; control ϭ 720,700 colonies/g). The exposure-response curve was quite steep, with a sigmoidicity of 6.93. This makes it important that a dose quite near the ED 50 be chosen for study so that any change in the effect as a result of the treatment schedule can be appreciated.
Likewise, the results of the dose-fractionation study were clear-cut. The pharmacokinetic study demonstrated that each regimen would produce essentially the same 24-h AUC (and the same AUC/MIC ratio). Consequently, if no differences were seen across groups, the AUC/MIC ratio would be the pharmacodynamically linked variable. The group that received a total dose of fluconazole as a single dose would have the highest C max /MIC ratio. If this were the dynamically linked variable, then this group would have the lowest number of CFU per gram of tissue at evaluation. Likewise, because the longest time Ͼ MIC was found for the group that received a total dose of fluconazole in four equally divided doses, this group should have had the lowest colony counts if this were the linked variable. Table 2 demonstrates that for any total dose of fluconazole there were no statistically significant differences in the reduction in the fungal density among the three groups (receiving doses on different schedules) examined. This indicates that for fluconazole the AUC/MIC ratio is the pharmacodynamically linked variable. Whether this finding can be applied to other azoles with different pharmacokinetic and physical properties is an important question which needs study. However, for fluconazole it is clear that the once-daily dosing schedule produces an antifungal effect equivalent to those of fluconazole given on the other dosing schedules examined. It should be pointed out that this is so even though the half-life of fluconazole in mice is on the order of 2.4 h and that the total time Ͼ MIC for mice on the once-daily schedule ranged between 9.1 and 10.6 h for the doses used in the dose-fractionation study, reminiscent of the situation for once-daily aminoglycoside therapy. There is no need to lose any of compliance and convenience advantages of once-daily fluconazole dosing by using a more frequent schedule of administration.
